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A historical discussion of the U-Effects is presented 
in this chapter along with a discussion of' the problem 
investigated. 
1.1 Review of' Literature: 
During the investigation of surface electrical 
phenomena Ueda, Watanabe, and Tsuji (14, 15, 16, 17) at 
Kyoto University, studied a phenomenom which they called 
the U-Effect. This study is reported in a series of four 
papers of the same title. The journals in which these 
articles are published are not readily available in the 
United States. A good review of the four articles has 
been made by Yeager and Havorka (18) in the Journal of ~ 
Acoustical Society of America. In these papers the 0-
Effect is classified as two separate effects; the U-Effect-
I and the U-Ef'fect-II. The U-Effect-I was produced by the 
periodic movement of an electrolyte in a glass capillary 
in which electrodes were inserted. The U-Effect-II was 
produced by the periodic vibration of a glass capillary 
in which alternate drops of mercury and electrolyte had 
been sealed w1 th electrodes in the end drops of mercury. 
Periodic vibration of the capillaries produced an alter-
nating voltage of the same waveform and frequency at the 
ends of the capillary. The first effect yielded an alter-
nating streaming potential. In the study of the second 
effect capillaries were used containing approximately 
forty mercury- electrolyte interfaces. The study was 
carried out over a range of frequencies from 500 - 15,000 
cps. with amplitudes of the order of 10-3mm. The output 
voltage was reported to be proportional to the frequency 
of vibration at constant amplitude, and proportional to 
2 
the square of the amplitude at constant frequency. The 
output was also found to be a linear function of the number 
of interfaces. This output was explained in terms of the 
capacitance associated with the mercury-electrolyte inter-
faces. An ac potential should result from periodic 
variations of the capacitance caused by periodic variations 
of the area if the charge in these condensers is assumed 
to be constant. 
The U-Effect-II was investigated further by Elliott, 
Packard, and Kyrazis (6) at the University of Cincinnati. 
They reported that the potential is proportional to 
acceleration, being linear from 0 - .Ol5g. The output 
for a given acceleration was constant over a period or 
eight months. The capillaries used were of approximately 
.5 mm. inner diameter. It was reported that the output 
voltage per interface was larger for capillaries of smaller 
inner diameters. 
Kuskevics (8) continued the investigation of the U-
Effect-II, reporting that the output voltage is a linear 
function of the number of interfaces. He also reported 
that the output voltage varied with the square of the 
frequency at constant amplitude up to a certain limit, 
which was not defined, and that the output voltage was 
linear with the displacement amplitude at constant fre-
quency. 
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A further experimental and theoretical investigation 
of the U-Effect-II was carried out by Fain (7). One and 
two interface sealed tubes approximately one inch long 
were used in this investigation. All tubes had a small 
amount of air introduced at one end which caused the vol-
tage output to be higher. The output versus amplitude of 
the tube motion was reported to be linear for low ampli-
tudes, with the upper limit for the linear region being 
dependant upon the frequency. It is reported that the 
output versus frequency curve passed through the origin 
and had a definite peak at some frequency. Above this 
resonance frequency the output dropped rapidly to a fairly 
stable value. The resonance frequency was reported to 
vary from tube to tube with the variation attributed to 
the variations in the physical structure of the tubes. 
A study was also made of the dependence of the internal 
output impedance of the tubes upon the frequency of vibra-
tion. The curve of the impedance versus the frequency 
was similar to an exponential decay curve with an impedance 
of about 9,000 ohms for a frequency of 50 cps. and an 
impedance of about 2,000 ohms for a frequency of 1,400 
cps. The theoretical treatment of the U-Effect-II by 
Fain (7) was based upon the sinusoidal area changes of a 
condenser as was the theoretical treatment by Ueda, 
Watanabe, and Tsuji. (14, 15, 16, 17) 
An investigation of a third U-Effect, that of liquid 
drop motion in mercury-electrolyte capillary tubes, is 
reported by Podolsky, Kuskevics, and Rivers. (11) The 
resu1ts of an experimental investigation as well as a 
theoretical treatment of the U-Effect-III is presented 
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in this paper. The output voltage was found to be linearly 
dependent upon the amplitude of the relative drop motion. 
The output due to the U-Effect-III is much greater than 
the output for the U-Effect-II. The output for constant 
amplitude of the tube is proportional to the square of 
the frequency in the range of 0 - 500 cps. The short 
circuit current is independent of the proportions of the 
constituent drops, thus independent of the amount of mer-
cury in the tube. All of the above observations are in 
agreement with the theory presented. Data were taken for 
a tube which had a very erratic background, by changing 
the number of mercury drops in the tube by bouncing the 
tube against a bench. This data indicated that the out-
put voltage was independent of the number of drops in the 
tube. The validity of the results so obtained can be 
challenged on two grounds. The first is that the tube 
had a very erratic background which caused the output for 
a rslative amplitude of one millimeter to be only about 
four millivolts which is of the same order of magnitude 
as the output expected from the U-Effect-II, thus the 
output here is the combination of two effects which, 
according to the authors, tend to negate one another. 
The second is that the splitting up of a mercury drop 
would tend to change the electrical properties of the 
tube. According to the theory presented the output vol-
tage should be proportional to the length of the mercury 
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in the drops of the tube. The dependence of the output 
upon the length of mercury in the tube was not investigated 
experimentally. 
1.2 Statement of Problem: 
The investigation reported herein is of the dependence 
of the voltage output due to the U-Effect-III upon the 
geometry of the tube. The geometry of the tube is defined 
to include the inner diameter of the tube as well as the 
size and number of the mercury and electrolyte drops. The 
previous experimental study of the effect did not include 
an investigation of the effects of the geometry of the 
tube, as defined above, on the voltage output. It seems 
that information as to the dependence of the output voltage 
on the geometry of the tube would make a more complete 
theoretical treatment of the effect possible. Because of 
the small size and light weight of the electrocapillary 
tubes used in the study of the U-Effects the use of these 
effects in accelerometers or transducers seems desirable. 
The feasibility of using this effect in such a way is 
shown by the patents dating back to 1913 listed in the 
bibliography. It is believed that information resulting 
from this investigation will provide a better basis for 
the design of such instrumen.ts. 
Chapter II 
PROCEDURES AND TECHNIQUES 
A discussion of the production of the tubes and the 
procedures used in the taking and evaluation of data are 
included in this chapter. 
2.1 U-Tube Production: 
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The U-tubes used in t:his investigation were filled 
using the apparatus sholm in figure 1. For tubes of 
inner diameter of about .5 mm. the plunger of the lee 
tuberculin syringe was controlled by the motion of a fine 
threaded screw. For tubes with an inner diameter of lmm 
or more the plunger had to be controlled manually since 
the screw would not move far enough to accomodate the 
filling of the larger tubes. The glass tubes were made 
by the conventional methods with the ends fire polished 
to the point where the inner diameter was reduced to 
facilitate the accurate control of the size of the drops. 
After the tube is made it is fastened to the syringe, 
which is filled with mercury, by means of rubber tubing. 
The air is f'orced out of' the tube and then the free end 
of the tube is lowered into the small beaker which con-
tains a layer of' both mercury and electrolyte. Alternate 
drops of mercury and electrolyte are then drawn uu into 
the tube by placing the free end of the tube in the desired 
layer. It was found to be fairly easy to produce drops 
of' any size by this method. 
One serious source of difficulty encountered in the 
filling of the tubes was that the electrolyte would often 
bypass the mercury resulting in the splitting up of the 
mercury drops. Another exasperating thing which happened 
frequently throughout the investigation was that after a 
tube had been made some of the mercury drops would split 
up causing the tube to be unsatisfactory for its planned 
use. It was noted that the longer mercury drops seemed 
to be more inclined to split up than the shorter drops. 
This observation led to the use of inverse tubes with 
long end drops of electrolyte rather than mercury for a 
large part of the investigation. 
2.2 Vibration of U-Tubes: 
It was planned to subject the U-tubes to sinusoidal 
motion of a low fixed frequency. For this purpose a 
pendulum was constructed as shown in figure 2. The pen-
dulum consisted of a heavy lead plate on top of which a 
one inch board was mounted. There was a vertical one 
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inch board mounted on top of the horizontal board so that 
the U-tubes could easily be attached. A millimeter scale 
was attached to the vertical board to measure the ampli-
tude of the relative drop motion. The amplitude of the 
pendulum motion was measured by placing a meter stick 
along side the pendulum plate on which a small indicator 
was mounted. The pendulum was suspended by four nylon 
cords approximately sixty centimeters long attached to the 
four corners. The points of suspension were directly 
above the corners to reduce the rotation of the pendulum 
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Figure l. Apparatus for TUbe Production 
Figure 2. The Pendulum 
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and the two strings on each end were crossed to reduce 
the motion perpendicular to the plane of oscillation. The 
motion was purely translationa1 with a small vertical com-
ponent and the damping was small. The frequency of 
oscillation was .66cps. 
2.3 Measurement of Relative Amplitude: 
Originally an attempt to measure the amplitude of 
the drop motion relative to the U-tube was made by direct 
observation using a millimeter scale which was mounted 
behind the U-tube. In order to avoid inaccuracies due 
to the refraction of the light by the tube the eye had to 
be on a line passing through the point of measurement 
perpendicular to the motion of the tube. This proved un-
satisfactory since the head would have to move as much as 
forty centimeters between consecutive readings in less 
than one second. An attempt was made to find a direct 
relationship between the amplitude of the pendulum and 
the amplitude of the relative motion. It was determined 
that the amplitude of the relative motion for any particular 
amplitude of the pendulum varied a great deal in consecutive 
sets of data taken with the same tube. An analysis of data 
taken by Kuskevics (9) in which both the amplitude of the 
pendulum and the amplitude of the relative motion were 
taYen simultaniously showed that the relationship between 
the two amplitudes varied even as the pendulum amplitude 
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It is believed that the variations in the relationship 
between the two amplitudes can be attributed to variations 
o:r the kinetic f'riction ot the drops in the U-tube. The 
next method of' measuring the relative amplitude was by 
introducing a small probe wire in one end of' the tube. 
When this probe wire was in contact w1 th the mercury it 
completed a circuit of' the probe wire, the electrode, a 
small lamp, and a dry cell in series. With this device 
the output was measured for the last cycle in which the 
lamp was on. The results obtained using this device were 
not consistent. It was finally determined that the center 
of' oscillation f'or the relative motion was not f'ixed, but 
changed position as much as one millimeter while the pen-
dulum amplitude decreased naturally. A mirror was mounted 
on the pendu1um at an angle of f'orty-f'ive degrees to the 
direction of' motion with a lens mounted in :front of' the 
mirror perpendicular to the direction of' motion. Tliis 
system reduced the required motion of the head to a small 
vertical distance and presented a fixed scale with the 
drops moving in :front of' it. This method was satisf'actory, 
however its utility \m.s limited by the ability of the 
observer to determine the magnitude of' small amplitudes. 
The maximum relative amplitude studied was about eight 
millimeters. 
2.4 Measurement of Potential Difference: 
To measure the potential dif'f'erence produced by the 
U-tubes an instrument was needed which would be sensitive, 
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have a high imput impedence, and give a permanent record 
of the varying potential. An electrocardiograph model 
PC-lA, made by Voltar Electronics, Inc., was available 
which had an 1mput impedance of o.66 megohm. Since the 
U-tubes had a static internal resistance of about one 
megohm it was clear that the elctrocardiograph would 
not be satisfactory if used alone. To provide a high 
imput impedance a Keithly model 200B vacuum tube volt-
meter with an imput impedance of io10 ohms was used as 
an unity gain preamplifier. The output of the pre-
amplifier was connected to a simple potential divider 
composed of fixed resistors in parallel with switches. 
(Figure 4). The imput leads of the electrocardiograph 
went to the potential divider. The electrocardiograph 
and the potential divider were calibrated as a unit with 
a Hewlett Packard model 150A oscilloscope. The cali-
bration curve for the 1:1000 potential divider is shown 
with the outside lines representing the experimental error 
in figure 5. The calibration curve is for the peak to 
peak values of both quantities. (Figure 5). 
2.5 Processing of Data: 
Since the center of oscillation for the relative 
motion of the drops was not fixed it was necessary to 
measure the peak to peak relative amplitude. It was 
found to be extremely difficult to adjust the electro-
cardiograph so that the recorded potential curve would 
Figure 4 
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centered on the cha.rt paper. For this reason the peak 
to peak value for the output was also used. All of the 
results of the investigation are presented in terms of 
the peak to peak values of both quantities. 
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Hereafter the recorded potential curve on the electro-
cardiograph chart paper shall be referred to as the EKG. 
output trace. One scale division on the electrocardio-
graph chart paper shall be referred to as one EKG. division. 
The results of this investigation are presented with the 
output in units EKG. divisions for the 1:1000 potential 
divider, each of which represents 62.5 millivolts. 
The first step in the processing of the data was to 
plot the output against the relative amplitude. After 
this the line best fitting the points was drawn in as 
well as two parallel lines representing the possible 
experimental error of one-tenth of one millimeter for 
the relative amplitude and two-tenths of an EKG. division 
for the output. It was found that for most ot the copper 
sulfate tubes seventy to ninety percent of the points 
would lie between the two lines representing the experi-
mental error. For the sulfuric acid tubes eighty to one 
hundred percent of the points would be within the experi-
mental error. A standard measure of dispersion and slight 
variations of it were adopted for the evaluation of the 
data collected in this investigation. The dispersion, D, 
was found using the relationship: 
(2-1) D : d x 100 percent 
M 
where d is the mean of the absolute values of the devia-
tions and M is the mean in the case of tabular data. 
Where the results of several individual sets of data are 
compared, such as a plot of the slope versus length of 
mercury in the tube for several lengths of mercury, M is 
the ordinate corresponding to the mean of the abscissas 
of the points plotted. The slope of the output curve, S, 
• 
and its possible experimental error may be expressed as: 
(2-2) S : E! AE _ ~JE • .4A~+•~1 
At AA - A :;,r-A' .AJ 
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This chapter contains a discussion of the experiments 
performed and the results obtained. A discussion of the 
development of the multidrop tube procedure is also in-
cluded in this chapter. 
3.1 Reproducibility of Results: 
In the early part of the investigation it was noted 
that there seemed to be very little consistency in the 
results obtained. An effort was made to determine whether 
apparently identical tubes made from the same material at 
the same time would have similar electrical properties. 
Five apparently identical tubes were constructed for this 
purpose with one internal copper sulfate drop one centi-
meter long, two mercury drops, each one centimeter long, 
and with end drops of copper su1fate. Data were taken for 
each of the tubes when the tubes were seventeen hours old. 
As was the case for nearly a11 of the tubes using copper 
sulfate as an electrolyte the line which best fit the data 
did not pass through the origin. The results of this 
experiment are shown in table 1. Using equation 29'2 the 
slope for tubes A and C is 3't.333 EKG. div./mm. at the 
midpoint of the linear region of the data. Thus at this 
point the experimental error in the value of the slope is 
11.1%. It is noted that the dispersion of the slopes from 
table 1 is well within the range of experimental error. 
However it was found that two apparently identical tubes 
made at different times from different material of the 
same kind would yield slopes which would have a ratio to 
one another of as much as 2:1. It was also found that 
the ratio of the slope of a two drop tube to that of a 
one drop tube would vary greatly with different sets of 
tubes that were apparently identical. 
Table 1 
Reproducibility of OUtput tor Similar Tubes 
1 EKG. division: 67.5 mv. 
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Tube Slope Intercept Percent of points 
EKG. div./mm. EKG. div. within exp. error 
A 3.00 2.25 75%_ 
B 2.64 1.80 83~ 
c 3.00 2.25 ~~ D 3.32 1.40 
E 2·62 2.00 ~~8% Mean 3. 6 1.94 
Dispersion, D 6.9% 13. B'f, 
In any attempt to explain the lack of reproducibility 
there are two common external varibles which must be con-
sidered: temperature and pressure. According to Kus-
kevics (9) the output for a copper sulfate tube would 
change by about 1.5% and for a sulfuric acid tube it 
would change by about 3% with a change of temperature 
from the minimum to the maximum of room temperature which 
occurred during the course of the investigation. According 
to Kuskevics (9) the output for a copper sulfate tube would 
change by about 2.4% and for a sulfuric acid tube it would 
change by about 5% w1 th a change of pressure from the mini-
mum to the maximum of barometric pressure which occurred 
during the course of the investigation. It was observed 
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that the output for a particular tube would be constant, 
within experimental error, for any given period of several 
days after the tube was two or three days old. Thus the 
lack of reproducibility of the output must be explained 
in terms of something other than temperature and pressure. 
The possibility of the output being a function of a 
particular piece of glass was investigated also. When a 
piece of glass was used to make a tube which was apparently 
identical to one previously made using the same piece of 
glass the output would be, in general, quite different. 
Thus the characteristics of a particular piece of glass 
could not be held responsible for the lack of reproduci-
bility. 
The reason for this general lack of reproducibility 
of results was not found. However, since 1t was observed 
that after a tube was two or three days old the output 
was constant over a period of several days, it seemed that 
at least qualitative, if not quantitative, results should 
be obtainable by using the multidrop tube procedure as 
explained in the next section. 
3.2 Rationale of Multidrop Tube Procedure: 
A depend.ance of the output on the number of drops 
was noted early in the investigation. However, using 
separate tubes containing various numbers of drops, no 
definite relationship between the output and the number 
of drops could be established. It was decided that a 
tube containing a number of drops, which would be removed 
one by one, might lead to a definite relationship between 
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the output and the size and number o:f drops. This process 
shall be re:ferred to as the multidrop tube procedure. This 
method would be valid only i:f a tube containing n identical 
drops of mercury, which had been made by removing one drop 
from a tube containing n+l drops of mercury would result 
in the same output as a tube originally made with n drops 
of mercury and as a tube originally made with n+m drops 
of mercury, o:f which, m had been removed. Four inverse 
tubes were made :from identical pieces of glass with the 
same size mercury and internal electrolyte drops, namely 
thirteen millimeters. One tube had :four mercury drops, 
one had three mercury drops, one had two mercury drops, 
and one had one mercury drop. The electrolyte used was 
copper sulfate. Data were taken from all of the n drop 
tubes at one time, then the tubes were made into n - 1 
drop tubes by removing one drop and data were taken once 
again. The results of this experiment are shown in figure 
6 for the one drop tubes. It was noted in the process of 
taking data that the tube which originally contained four 
mercury drops showed signs of excessive friction through 
its jerky motion. The output versus amp11 tude curves for 
all four tubes have the same slope, and the same intercept 
for the tubes originally containing three, two and one 
drop of' mercury. The intercept for the tube originally 
containing four mercury drops was about twice as great as 
that for the others and the data for this tube did not 
fall within the bounds of experimental error as well as 
the other tubes. These results show that the multidrop 
Figure 6 
Reproducibility of Multidrop Tubes 
OU.tput vs. Relative Amplitude 
EKG.div. EKG.div. 
7 7 





l CuS04 1 








• l cuao4 l 








3 4 mm. 
tube procedure is valid and that the data from one tube 
may be expected to be reasonably consistent. 
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3.3 Dependence of Output on the Number of Electrical Units: 
Upon the verification of the validity of the multidrop 
tube procudure several multidrop tubes were constructed. 
The results of a run with one multidrop tube, number M-5, 
are shown in figure 7. Tube M-5 originally contained 
twenty-one mercury drops, each twelve millimeters long, 
and twenty sulfuric acid drops, each twelve millimeters 
long. The dispersion of the plot of the slope against the 
numberof drops for tube M-5 is 1.1%. The results of tube 
M-7 are shown in figure 8. Tube M-7 originally contained 
nine mercury drops and eight internal electrolyte drops, 
each of the seventeen drops was twelve millimeters long. 
The dispersion of the plot of the slope against the number 
of drops for tube M-7 is 9.65%. The small dispersion 
shown by the results from tubes M-5 and M-7 show that there 
is a linear dependence of the output upon the number of 
what may be called electrical units in the tube. The re-
sults of these two tubes yield no in~ormation as to whether 
the effect of the electrical unit is due to the length of 
mercury, the length of electrolyte, the number of drops, 
or a combination of these three things. 
It should be noted that the line that best fits the 
plot of the slope against the number of drops does not go 
through the origin. This shows that the difference in output 
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other one electrical unit, is greater than the difference 
in output for two tubes, one containing k electrical units 
and the other containing k + l electrical uni ts. By changing 
the length of electrolyte in the end drops of one tube and 
taking data for each of the lengths it was determined that 
a change in the length of these end drops made no detectable 
change in the output. According to Kuskevics (9) the out-
put of a tube w1 th only electrolyte in it is only a :few 
millivolts while a tube with one mercury drop in it would 
have an output of several hundred millivolts :for a rela-
tive amplitude of ten millimeters. This is 1n agreement 
with the results of this investigation as presented in 
figure 6. Thus it is clear that the presence of mercury 
causes a large increase 1n output over that found due to 
the streaming potential. 
3.4 Dependence of output on Length of Electrolyte Drops: 
In an attempt to determine the dependence of the 
effect of the electrical unit upon the length of the 
elec~rolyte drop involved multidrop tube M-15 was con-
structed with nine mercury drops, each 11.5 millimeters 
long, with eight internal sulfuric acid drops ranging 
from ten to fifty millimeters long. The slope plotted 
against the number of drops is shown in figure 9. The 
dispersion of this plot is 8.6%. It should be noted that 
this plot becomes one of the slope against the total 
length of mercury if the abscissa scale is multiplied by 
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total active length in ~igure 10. The total active length 
is defined as the sum of the lengths of' the mercury drops 
and the internal electrolyte drops for the inverse tubes. 
The dispersion of this plot is 10.4%. The f'act that the 
dispersion is less f'or the plot of slope against the number 
of drops is an indication that the output is more depen-
dent upon the number of drops and, or, the total length 
of mercury than the total length or mercury and electro-
lyte. 
3.5 Dependence of' Output on Lensth of' Mercury Drops: 
In an attempt to determine the dependence of the 
effect of the electrical unit upon the length of the 
mercury drop involved a series of' multidrop tubes was 
constructed with all of the electrolyte drops in each 
tube being the same size. The mercury drop sizes ranged 
f'rom one millimeter to fifty-five millimeters. The re-
eul ts of' the investigation of this series are plotted 1n 
figures 11 through 24. Some information is given in table 
2 in regard to the construction of these tubes along with 
the dispersions for the plot of the slope against the 
total length of mercury and for the plot of the elope 
against the number of' mercury drops for each tube. It should 
be noted that six of the seven tubes listed in table 2 have 
a lower dispersion for the plot of the slope against the 
total length of mercury than tor the plot of the elope 
against the number of' mercury drops. This is an indication 
that the output is more nearly linearly dependent upon the 
total length of mercury than- upon the number of mercury 
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Figure 10 
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drops. It should be pointed out that in this type of 
experiment the total length of mercury and the number of 
mercury drops are not independent. Thus this presentation 
of the data does not lead to a definite conclusion as to 
the dependence of the effect of the electrical unit upon 
the total length of mercury and, or, the number of mercury 
drops. 
Table 2 
Characteristics of Multidrop TUbes 
Tube No. of No. of El. dr. D for D for 
Hg dr. El. dr. size S v TLM* S v N** 
M-20 8 7 12.5 mm. 6.5% 3.8% 
M-21 7 6 11.5 n 8.4% 10.2% 
M-22 8 7 11.25 " 5.5% 9.9% 
M-23 8 7 12.5 II 8.15% 8.35% 
M-24 9 8 11.6 " 3.38% 5.2% 
M-25 8 7 12.3 ti 1.1"f, 7.9"f, 
M-26 8 7 11.3 II 6.4% 7.9% 
* 
Slope vs. Total Length of Mercury 
** 
Slope vs. Number of Drops 
In figure 25 there is a plot of the slope against 
the total active length for the combination of the seven 
tubes listed in table 2. The dispersion of this plot is 
11.4%. In figure 26 there is a plot of the slope against 
the total length of mercury for the seven tubes which has 
a dispersion of 12.6%. In figure 27 there is a plot of 
the slope against the number of mercury drops for the 
seven tubes which has a dispersion of 15.4%. This 
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Figure 25 
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Figure 26 
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presentation of the data also indicates that the output 
is more nearly linearly dependent on the total length of 
mercury than on the number of drops, but that the output 
is slightly more nearly linearly dependent upon the total 
active length than on the total lell6th of the mercury. 
It seemed that a comparison of the change in slope 
and the size of the mercury drop removed might yield fur-
ther information. In figure 28 such a plot is made for 
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the seven tubes listed in table 2. Included in this figure 
are the regression lines (13) of the change in slope on 
the length of the mercury drop removed for the lengths 
between zero and ten millimeters, between ten and fifty-
five millimeters, and between zero and fifty-five milli-
meters. The regression lines in figure 28 indicate that 
the output due to a drop is dependent upon the length of 
the drop, with the size of the drop being more important 
for the drops less than ten millimeters long. No definite 
conclusions may be drawn from the mult1drop tube study as 
to the dependence of the effect of the electrical unit 
upon the size of the mercury drops involved. 
3.6 Electrolyte Drop Size Study With Two Drop Tubes: 
In a further attempt to determine the dependence of 
the output of the electrical unit upon the size of the 
electrolyte drop involved a series of nine tubes was made, 
each with two mercury drops thirteen millimeters long. 
The internal sulfuric acid drops ranged from four to 
sixty-five millimeters in length. The results of this 
Figure 28 
Change 1.n Slope vs. Length ot Drop Removed 
















a Regrees1on line ot ~s on L tor o < L < 10 
~s = - .169 + .o664L 
b Regression line ot AS on L tor 10 ( L < 55 
~S : .237 + .Oll2L 
c Regression Line ot ~ S on L tor O < L < 55 
65 = .125 + .Ol51L 
investigation are shown in figure 29 with the slope 
plotted against the length of the internal sulfuric 
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acid drop. The regression line of S on L is included. 
The dispersion for this plot is 7.7% which is within the 
possible experimental error of about 10%. The deviation 
of the two values of the elope taken from the regression 
line for sulfUric acid drop sizes of one and sixty-five 
millimeters compared to the mean is 5. 7%. The fact that 
this deviation compared to the mean is less than the dis-
persion, which is less than the possible experimental 
error, seems to indicate that the size of the electrolyte 
drop either has no effect upon the output of the electri-
cal unit or that this effect is very small compared to 
that of the size and, or, number of mercury drops. For 
the data presented in figures 9 and 10 the dispersion 
was slightly less for the slope plotted against the number 
of drops, effectively the length of mercury, than for the 
slope plotted against the total active length. For the 
data presented in figures 25 and 26 the dispersion was 
slightly more for the slope plotted against the total 
length of mercury than for the slope plotted against the 
total active length. This also indicates that the size 
of the electrolyte drop has ei th.er no etfect or a very 
small effect compared to the size and, or, number ot 
mercury drops upon the output of the electrical unit. 
Since the output of the tube is linearly dependent upon 
the number of electrical uni ts in the tube and two 
• 1 .. 
.6 .. 
• 5 . 
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different types of investigations indicate that the depen-
dence of' the output of the electrical unit is at most, 
very small compared to that of the size and, or, number 
of drops of' mercury it can be concluded that the output 
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ot a tube is either independent of the size of the electro-
lyte drops, or very nearly so. 
3.7 Mercury Drop Size Study With Two-Drop Tubes: 
In an early attempt to determine the dependence of 
the output of a tube upon the size of the mercury drops 
in the tube a aeries of two mercury drop tubes was made. 
The internal sulfuric acid drop in each of the tubes was 
12.5 mm. long. One mercury drop was between twelve and 
thirteen millimeters long while the other one ranged from 
four to seventy millimeters in length. The results of 
this investigation are shown in figure 30 in which the 
slope is plotted against the total length of mercury in 
the tube. The dispersion for this plot is 6.2% which is 
well within the possible experimental error of about 10%. 
The deviation of the two values of the slope taken from 
the regression line for the total lengths of mercury of 
one and eighty-one millimeters compared to the mean is 
5.5%. The fact that this deviation from the mean is less 
than the dispersion, which is less than the possible ex-
perimental error seems to indicate that the output is 
independent o:r the total length of mercury in the tube. 
However it should be noted that only one tube contained 
a drop less than ten millimeters long and that the point 
corresponding to this tube is much more below the regression 
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line than any of' the other points. 
The multid.rop tube data presented in figure 28 indi-
cates a greater dependence of the output upon the length 
of' mercury drop than the data from the two drop tubes pre-
sented in figure 30. There is not enough agreement between 
the sets of data collected by the two methods to arrive at 
any definite conclusions as to the dependence of' the out-
put of' an electrical unit upon the length of the mercury 
drop involved. However this data does strongly indicate 
that there is a dependence of' the output, that is an in-
crease in output with an increase in the length of a drop, 
of an electrical unit upoh the length of the mercury drop 
involved with the dependence being greater for mercury 
drops less than ten millimeters in length. 
3.e Dependence of Output on Number of Interfaces: 
In section 3.3 it was concluded that there isalinear 
dependence of the output upon the number of electrical units. 
In section 3.6 it was concluded that the effect of the 
electrical unit was nearly, if not completely, independent 
of the size of the electrolyte drop involved. In section 
3.7 it was pointed out that the data collected in this 
investigation did not lead to any definite conclusion as 
to the effect of the length of the mercury drop involved 
on the output of' the electrical unit. It is noted from 
figure 30 that the difference in output slope of two two-
drop tubes, one containing twenty millimeters of mercury 
and the other eighty, is very small compared to the slope 
of the tube with twenty millimeters of mercury. It is 
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noted from figure 7 that for approximately the same amounts 
of mercury, that is for two drops and eight drops, the 
output slope for the eight drop tube is more than three 
times the output slope for the two drop tube. Thus, even 
with the dependence of the output upon the length of mer-
cury in ouest1on, it can be concluded that there is a 
definite dependence of the output upon the number o~ 
interfaces. The linear dependence of the output upon 
the number of electrical units indicates that the output 
is linearly dependent upon the number of interfaces. 
3.9 Dependence of output on Tube Diameter: 
According to Rivers (12) the output voltage should 
be independent of the capillary radius and the short 
circuit current should be proportional to the capillary 
radius. In an attempt to experimentally determine the 
dependence or the output voltage upon the tube diameter 
six tubes were made with an inner die.meter of lmm. a.nd 
four tubes were made with an inner diameter or 1.5 mm. 
The slope of the output versus relative amplitude curve 
for the l mm. tubes was .532+ .052 EKG.div/mm. while the 
slope for the 1.5 mm. tubes was .415± .07 EKG.div/mm. 
Thus it seems that the output voltage for the larger 
tubes is smaller than for the small tubes in contradic-
tion to the theory mentioned above. This dependence is 
similar to that observed by Elliott, Packard, and Kyrazis 
(6) for the U-Effect-II. 
3.10 Effect of Removins Part of a Mercury Drop: 
The multidrop tube procedure was expanded to the 
remova1 of a part of a 1arge mercury drop from a two 
drop tube to study the effect of the size of the mercury 
drop on the output. The removal of a part of the mercury 
drop resulted in very erratic changes in the output which 
were in general in the form of increases in the slope of 
the output curve. The changes in slope associated with 
the removal of drops of various sizes are shown in table 
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3. The tubes used in this experiment were of the mercury-
su1furic acid type and were approximately 100 hours old 
when the first mercury was removed, thus were fairly stable 
in their output. The general increase in slope with the 
removal of part of one drop indicates that the remaining 
part of the drop is effectively new, thus the aging pro-
cess would start anew on the "new" drop. It is noted, in 
table 3, that the change in slope tends to be larger for 
the larger portions of the mercury drop which were removed. 
This investigation was dropped due to the erratic nature 
of the compound aging effects involved. It seems that a 
complete investigation of this phenomenon might lead to 
useful information about the aging effect. An investi-
gation should be carried out to determine whether or not 
a change in the output similar to this occurs when a drop 
is split up in a tube by bouncing the tube. 
3.11 Friction: 
Throughout the course of the investigation static 
friction was observed in many of the tubes. In some of 
the tubes the static friction was so great that vigorous 
shaking was necessary to get the drops to start movement, 
indeed many times the mercury drops wou1d split up before 
motion would start. This would cause the tube to be use-
less tor its intended purpose. 
Table 3 
48 













40 .. • 
.88 II 
Kinetic friction was observed in varying amounts in 
nearly all of the tubes used in the investigation. The 
kinetic friction varied in a very erratic fashion from one 
tube to another, and even in some individual tubes during 
the time that one set of data was being ta.ken. Reproduc-
tions of some EKG. output traces are shown in figures 31 
and 32. Two examples of the effects of kinetic friction 
decreasing during one run are shown in figures 31-a and 
31-b. In figures 31-c and 32-a two examples of the effects 
of kinetic friction increasing during one run are shown. 
In some cases the kinetic friction caused the time between 
the peaks of the output to vary as shown in figure 32.-b. 
It was determined that in such cases the maxima of the 
output curve occurred s1mul taneously w1 th the maxima of 
the relative amplitude. It was noted that whenever there 
was a departure from smooth motion for the drop there would 
also be a similar dep;£rture from a smooth output curve. 
Figure 31 
Examples ot the Ettect ot Friction 
A: .3 mm. 
31-a. Decrease in tr1ct1on with decreasing 
amplitude. 
A :3.6 mm. A= .4 mm. 
31-b. Decrease in friction with decreasing 
amplitude. 
A: 6.5 mm. A= .5 mm. 




Examples of the Etfect of Frrct1on 
A=4.9 mm. A:.5mm. 
~ 
---------..... -------
32-a. Increase in tr1ct1on with decreasing 
amplitude. 
A :1.4 mm. 
32-b. Variation in peak to peak distances. 
A :2.2 mm. 
Before shaking After shaking 
32-c. Effect of shaking on the friction. 
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That is, if the motion ot the drop was jerky the output 
curve wou1d have sma.11 peaks correspondingly, and if the 
drop moved very slowly in a pa.rt ot 1 ts cycle there would 
be a corresponding leveling o-r:r of the output curve. In 
some cases vigorous shaking of' the tube would do away with 
nearly all o:r the effects of the kinetic friction. An 
example of the et:rect ot shaking is shown in figure 32-c 
1n which the amplitude of the relative drop motion is the 
same for both traces. 
It was observed that in most tubes with copper sulfate 
as an electrolyte a light gray deposit was :formed on the 
cylindrical region of the mercury drops. This deposit 
could be compressed into a narrow band by shaking the tube, 
however the band would not readily move with respect to the 
tube. The end o:f the mercury drop would not pass by this 
band, thus the maximum peak to peak relative amplitude o~ 
the motion was the length of the smallest drop in the tube. 
Several tubes were made up using different electrolytes 
1n an attempt to determine the nature of this gray deposit. 
The ele~trglytea used were copper sulfate, cupric ch1oride, 
lead nitrate, mercuric chloride, hydrochloric acid, and 
sulfuric acid. A gray depos1 t was noticed wi thih twenty-
four hours in all of the tubes except the two w1 th the 
acid electrolytes. The tubes made with the Mercuric Chlo-
ride and cupric chloride resulted in not only light gray 
deposits but also dark gray scale formation which made 
the tubes completely unusable. 1he two acid tubes showed 
no deposits and only a very small amount of friction. As 
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a result of this experiment all fu.rther work wa.s done using 
sulfuric acid for an electrolyte. Some of the sulfuric 
acid tubes used in the later investigations did have a 
small amount of the light gray deposit and showed small 
irregularities 1n the output curves which could be attri-
buted to friction. In general the sulfuric acid tubes 
proved much more satisfactory than the copper sulfate tubes. 
3.12 A5ins: 
The term "aging" is used when the performance of 
the tube changes slowly in time and the only explanation 
for it is in some chemical or electrical change in the 
tube. In figures 33 and 34 two examples of aging are 
shown for copper sulfate tubes. The magnitude of the 
output for the two drop tube shown in figure 33 decreases 
and then increases with time with the slope showing a 
steady decrease. 1he magnitude of the output of the 
three drop tube shows a steady increase with time in 
figure 34. The aging observed in the copper sulfate tubes 
was very erratic, however there seemed to be a general 
decrease in the slope of the output curves w1 th increasing 
age. In figure 35 an example of aging in a sulfuric acid 
tube is shown. The sulfuric acid tubes showed a rather 
rapid decrease in the slope of the output curve for the 
first twenty-four hours and then a slow decrease in the 
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treatment of the aging effect, explaining it in terms of 
the establishment of a uniform electrical double layer 
over the drops between the drops and the capillary wall 
by difi'usion of the double layer into the region between 
the mercury drop and the capillary wall. 
3.13 Saturation: 
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In figures 33, 34 and 35, it is noted that the output 
is linearly dependent upon the relative amplitude for low 
values of the latter. As the relative amplitude is in-
creased there is a transition region in the output curve 
and then another linear region. The slope of the curve 
in the second linear region is in most cases much lower 
than in the first linear region. This phenomenon wa.s re-
ferred to as the saturation effect by Rivers. (12). 
Other examples of this phenomenon are shown in figure 6. 
It is noted that the transition region occurres at dif-
ferent relative amplitudes. The reason for the variation 
in the position of the transition region was not found, 
however it is observed in figures 34 and 35 that there 
seems to be a decrease in the value of the relative ampli-
tude for which the transition region occurres with a.n 
increase in the age of the tube. Many tubes studied did 
not demonstrate the saturation effect, presumably because 
the transition region would have occurred for relative 
amplitudes greater than those for which data was recorded. 
It seemed that a study o:r any change that might occur 
in the form of the EKG. output trace when saturation occurred 
might yield information concerning this effect. In 
figures 36 and 37 the results of such an investigation 
are shown for mult1drop tube M-2, which originally con-
tained ten mercury drops and nine internal copper sulfate 
drops. Data are presented in fi~ure 36 which were taken 
when the tube hed been reduced to six mercury drops. The 
graph of the output against the relative amplitude is a 
straight line with no evidence of saturation. In the 
second graph of figure 36 the output is plotted against 
the waveform slope for the same data. The waveform slope 
is defined as the slope of the EKG. output trace as it 
passes through the axis corresponding to zero output and 
is expressed in units of' EKG.div/time div. The time 
division is measured along the above mentioned axis and 
is equal to .0177 seconds. The linear relationship be-
tween the output and the waveform slope is expected for 
a sinusoidal output. Data are presented in figure 37 
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which were taken when the tube had been reduced to nine 
mercury drops. From the graph of the output versus the 
relative amplitude it is observed that this tube is an 
example of saturation with the lower three relative ampli-
tudes plotted in the lower linear region. It is noted 
that "saturation" also is demonstrated in the plot of the 
output against the waveform slope with the points corres-
ponding to the lower three relative amplitudes in the lower 
linear region of' this curve. Thus there is a departure 
from a sinusoidal output when saturation occures. 
Figure 36 
Fotential Waveform Study Without Saturation 
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The experiments performed during this investigation 
and the results found have been discussed in detail in 
59 
the preceeding chapter. A summery of the results and 
suggestions for further work are presented in this chapter. 
4.1 Summery: 
Following is a list of results which have been found 
concerning the dependence of the output upon the geometry 
of the tube: 
(a) The output of a tube is nearly, or completely, 
independent of the size of the electrolyte 
drops in the tube. 
(b) The results indicate that the output of a tube 
is slightly dependent upon the size of the 
mercury drops with more dependence for smaller 
drops. 
(c) The output of a tube is dependent upon the 
number of interfaces, or number of mercury drops, 
in the tube and there is an indication that this 
dependence is linear. 
(d) Other things being equal the output tends to 
decrease with increasing inner diameter. 
4.2 Sus5estions for Further Work: 
A more thorough study of the effect of the size of 
the mercury drops upon the output should be carried out. 
This study should deal with the smaller, less than one 
centimeter, mercury drops. A study should also be made 
to determine what effect the length of mercury end drops 
has upon the output. A procedure similar to the mul t1-
drop tube procedure cou1d be used 1n an end drop study. 
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Further study of the aging effect should yield 
important information. There are two processes, namely 
the removal of part of a mercury drop from a tube and the 
splitting ot a mercury drop in a tube, which would pos-
sibly introduce a new aging effect in a tube. A study of 
these two processes might lead to interesting results. 
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ADDENDUM 
The work reported here was done during the final 
stages or the thesis preparation and was a part or an 
investigation carried out ror intersession credit. 
Mercury Drop Size Study with Five-DI:oE Tubes: 
l 
In a further attempt to determine the dependence of 
the output or a U-tube upon the size or the mercury drops 
in the tube a series or nine tubes was made with each or 
the tubes containing five mercury drops. This series or 
tubes consisted or three groups or tubes with all or the 
mercury drops in each group being or approximately the same 
size. The sizes or the individual mercury and sulfuric 
acid drops are given for each tube in Table A-1 along with 
the total 1ength or mercury and the slope or the output 
versus relative amplitude curve for each tube. 
Table A-l 
Characteristics or The Tubes 
Inner Diameter - lmmo H2So4 Age - 137 hr. 
Tube Hg El. Hg El. Hg El. TLM~ ** Hg El. Hg s 
No. mm. mm. mm. mm. mm. mm. mm. mm. mm. mm. 
F-1 10 15 10 16 10 15 10 16 10 50 1.9 
F-2 5 15 5 15 5 15 5 14 5 25 1.5 
F-3 2 16 2 16 2 16 2 16 2 10 .6 
F-4 10 16 10 17 10 17 10 16 9 IJ9 1.9 
F-5 6 16 5 15 5 15 6 14 5 ~ 1.5 
F.6 1.5 16 2 16 1.5 16 l.3 16 2 a., 
·' F-7 10 15 10 15 lO 15 10 15 9 4\9 1.9 
F-8 6 15 s 15 5 15 6 15 6 28 1.9 
F-9 2 15 2 15 1.7 15 2 16 2 9.7 
·"' • Total length or mercury 
** Slope (EKO.div./mm.) 
2 
The results or this experiment are shown in figures 
A-1, A-2, and A-3. It should be noted that the saturation 
output level is higher for the tubes containing more mercury 
in the two groups or tubes represented in figures A-2 and 
A-3. The saturation effect was not observed in the group 
or tubes represented in figure A-1, presumably because sat-
uration would have occured for relative amplitudes larger 
than those for which data were taken. In figure A-4 the 
slope is plotted against the total length or mercury for 
the nine tubes used in this experiment. These results show 
that there is a dependence or the output upon the total 
length or mercury in the tube and since all or the tubes 
contained five mercury drops. that the output due to a 
drop is dependent upon the length or the drop ror drops 
less than ten millimeters long. This dependence seems to 
be linear for drops up to five millimeters long. According 
to the theory or the U-Effect-III as presented by Rivers(l ) 
the output due to a drop should be linearly dependent upon 
the length or the drop for drops under some limiting length. 
These results are in agreement with this theory and they 
indicate that the limiting drop size is approximately 
five millimeters. 
(1) Rivers. ~. L. Theoretical Investigation of the 
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